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Background and introduction
The discovery of superconductivity in a family of iron based compounds that are in proximity to magnetism [1, 2] has led to renewed interest in the interplay of these two phenomena in metals and many interesting discoveries.
Actually, the interplay of magnetism and superconductivity has a long history, starting with the Meissner eect and subsequently the Abrikosov ux lattice and type-II superconductivity. The development of the BCS theory of electronphonon superconductivity led to understanding of the trends in the critical temperatures of the transition elements in terms of their electronic densities of states, N (E F ), and their Debye temperatures.
Essentially, the Debye temperature sets the energy scale, and the electronphonon interaction was proportional to N (E F ). This understanding led to the recognition of certain elements that did not t the trends, most notably, Pd, which is not superconducting, but does have a high density of states. This non-superconducting behavior was explained by Berk and Schrieer in terms of the nearness of Pd to ferromagnetism [3] .
The nearness of Pd to ferromagnetism comes also from its high density of states, as understood within the Stoner theory. Thus, the Fermi surfaces of the transition elements show two competing instabilities, one towards electronphonon superconductivity, and the other towards ferromagnetism, both of which become enhanced as N (E F ) increases. Thus, ferromagnetism and superconductivity are competing instabilities. Clearly, the occurrence of these two phases nearby is a necessary condition for supposing that the superconductivity could be related to magnetism. However, as is clear from this historical example, such a proximity is by no means a sucient condition, and in fact the superconductivity of transition metal elements is caused by the electronphonon interaction. As discussed below, this is opposite to the case for the iron pnictides.
These Fe-based materials show both antiferromagnetism and superconductivity in their phase diagrams, with competition [4, 5] . This at rst sight may seem rather like the cuprates, but the magnetic phases are actually very dierent between the two classes of materials, as will be discussed below. One similarly is that in neither material can the superconductivity be explained within standard electronphonon theory. This became apparent very quickly both from the fact that the phonon spectrum of LaFeAsO did not show the high phonon frequencies that would be needed to explain a high T c [6] , and from direct calculations that showed in addition that the electronphonon coupling is weak [7] .
Structure and electronic structure
The structural motif of the iron-pnictide and chalcogenide superconductors is the occurrence of Fe square planes with Fe in a nominally divalent state, and having a tetrahedral coordination by P, As, Se, Te or alloys including alloys with S (see Ref. [8] for a short review). This is illustrated along with the unit cell in Fig Within a strongly correlated picture, the eect of the Hubbard U is generally to shift d spectral weight away from the E F to the Hubbard bands. This is the case in cuprates, but not in Fe-based superconductors, as was shown early on by X-ray absorption [13] and photoemission experiments [14] . There is a large Fe d spectral weight near the Fermi level, a renormalization of the d bands (by a factor of ≈ 2) and no Hubbard bands.
This renormalization, which has been studied in detail by optical measurements, implies the presence of electron electron correlation, but not the Mott physics normally associated with a large Hubbard U [15] . What is seen is a rearrangement of the spectral weight within the d bands, which can come both from the Hund rule coupling J and the Hubbard parameter U (see e.g. Ref. [16] ), but no Hubbard bands. Importantly, in spite of the chemical diversity of this family of materials, no Mott insulating state has been found, strongly implying that the Fe-based superconductors are not in proximity to a Mott state.
Instead the electronic structures appear to be more characteristic of intermetallic compounds than correlated oxides. One reection of this is the fact that while alloying on the Cu site in cuprates is highly destructive to superconductivity, in the Fe-based materials high temperature superconductivity can be induced by alloying on the Fe site by other metals, such as Co in BaFe 2−x Co x As 2 and SrFe 2−x Co x As 2 [17, 18] , and even with replacement of as much as 40% of the Fe by Ru in SrFe 2−x Ru x As 2 , x = 0.8 [19] .
Fermi surface and nesting
Superconductivity is fundamentally an instability of the Fermi surface. Interestingly, while the band structure is metallic and the density of states is high, the electronic structure at E F consists of relatively small disconnected As may be seen, there is a broad peak of width comparable to the Fermi surface sizes, centered at the zone corner.
With enhancement, this peak is high enough to lead to magnetic ordering, which would then be of spin-density--wave (SDW) type.
As mentioned, magnetic order is observed experimentally for undoped LaFeAsO [4] , and also for many but not all of the other compounds when undoped, one exception being FeSe [27] . This is already dierent from and all of these lead to superconductivity. The particular magnetic order that is observed in proximity to the superconducting phases is that shown in Fig. 1, i 
Spin uctuations and superconductivity
As mentioned, Fe-based superconductivity cannot be explained by a standard electronphonon mechanism.
Therefore, other mechanisms need to be considered.
Since the materials are in proximity to magnetism, it is natural to ask whether spin-uctuation induced pairing is responsible. As shown by Berk and Schrieer in the context of Pd, spin uctuations are a repulsive interaction in a singlet channel. This means that they can only stabilize a superconducting state that has sign changes in the order parameter over the Fermi surface.
The pairing interaction due to spin uctuations is closely related to the real part of the susceptibility χ and is negative [3, 36] . As seen in Fig. 3 , this pairing interaction will be strong and negative at the antiferromagnetic wave vector, which is the vector connecting the electron and hole Fermi surfaces. This then favors an order parameter that changes sign between these sheets. This interaction will be highly unfavorable for a pairing channel where the order parameter on the electron and hole sheets has the same sign, much in the same way that nearness to ferromagnetism is unfavorable for standard s-wave superconductivity in Pd. This observation led to the prediction of a sign changing s-wave order parameter in the Fe-based superconductors by Mazin and co-workers [26] , and subsequently by Kuroki and co-workers [37] . This sign changing s-wave state, denoted s ± , has average order parameters of opposite sign on the electron and hole sheets of the Fermi surface but has the same symmetry as a standard s-wave state.
It should be noted that while this state has on average opposite order parameters on the two sheets and could be fully gapped, it is not necessarily nodeless [38, 39] .
In fact, even simple Coulomb repulsion can favor a state where there are accidental nodes on the Fermi surface.
From an experimental perspective the simplest way to distinguish the s ± from a standard s-wave state or from other states such as d-wave is through coherence factors.
One is the NMR HebelSlichter peak which is suppressed with an s ± order parameter but not with a standard s-wave, and another is a neutron spin resonance, which should occur for this state at the 2D nesting vector, (π, π) [40, 41] .
This resonance has been observed at the nesting wave vector showing that there is a sign change between the Fermi surface sections separated by it, i.e. as expected in the s ± case [4245] . Interestingly, in doped BaFe 2 As 2 , which has a noticeable corrugation of the Fermi surface along the k z direction [46] , the resonance also shows k z dependence depending on doping and presumably reecting k z dispersion of the spin-uctuations [43, 44] .
Within a mean eld picture, SDW magnetic ordering will occur when the bare (non-enhanced) susceptibility, Re(χ 0 ) exceeds a threshold value at the ordering wave vector, q, so that the RPA enhanced susceptibility,
What matters therefore is the magnitude at a specic q. Beyond the RPA level, spin uctuations work against ordering. The extent of this suppression is related to an integral of the imaginary part of the susceptibility over wave vector and energy by the uctuation dissipation theorem [47, 48] .
Qualitatively, this reects the intuitive result that competition between dierent magnetic states works against ordering. As such, for a given peak value of χ 0 , a sharp peak is more favorable for magnetic ordering than a broad peak such as that shown in Fig. 2 .
In contrast, the BCS gap equation involves an integral of the order parameter with the pairing interaction (related to Re(χ)), i.e. for the s ± state, the integral of over the region of q that can connect the electron and hole
Fermi surfaces (a region set by the Fermi surface size).
Thus, for superconductivity a broad peak with a large weight is much better than a narrow peak with a smaller weight. In other words, competition between dierent related magnetic states is favorable for superconductivity.
In fact, it is doubly favorable, because it also suppresses the competing phase, i.e. SDW order.
Magnetism
The occurrence of the zone corner magnetic instability ( Fig. 1 Other evidence for strong spin uctuations in these materials comes from transport measurements that show a strong reduction in the resistivity as T is lowered through the ordering transition [52] , even though much of the Fermi surface is gapped in the SDW state. This indicates a very strong reduction in the scattering rate in the ordered phase, and therefore strong spin uctuation scattering at high T . Also, core level spectroscopy has shown substantial exchange splitting of the Fe 3s core level, in doped superconducting CeFeAs(O,F), even though this material has no magnetic ordering [53] .
All of this suggests a rather fascinating interplay between magnetism that is suppressed by spin uctuations and spin uctuation induced superconductivity. We speculate that the role of these renormalizations in the Fe--based superconductors is to provide a way of having metal without magnetic order and with a high magnetic energy scale and resulting high T c superconductivity, when such a scale would normally lead to ordered magnetism instead, as in the 450 K magnetism of TlFe 2 Se 2 .
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